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A STUDY OF HIGH TEMPERATURE CORROSION IN AN AFBC SYSTEM

Wei Xie
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August 1998

Directed by: Dr. Wei-Ping Pan, Dr. John T. Riley, Dr. Eric Conte
Department of Chemistry

Western Kentucky University

The occurrence of furnace wall and superheater corrosion in fluidized bed combustor
systems has caused some operational and economic concerns. It is generally accepted that
chlorine and sulfur may play roles in this corrosion. In order to predict the performance of
high chlorine or high sulfur coals in these combustion systems, it is necessary to have a better
understanding of the different corrosion mechanisms in which chlorine and sulfur may be
involved. It is also important to evaluate the critical point of coal chlorine content which
may cause initial corrosion.
The laboratory-sized atmospheric bed combustor (AFBC) at Western Kentucky
University was designed to serve as a flexible research and development facility to gain
operating experience, evaluate combustion performance, and estimate the effects of flue gas
emissions. Fluidized bed combustion systems are particularly suited to waste fuels because
of their ability to burn low grade and variable fuels as well as absorb sulfur oxides through
the use of limestone. Our study was mainly designed to evaluate the role coal chloride may
play in causing corrosion of boiler components.

xii

Four different metal alloys [carbon steel CI020 (0.18% C and 0.05% Cr), 304 SS
(18.39% Cr and 8.11% Ni), 309 SS (23.28% Cr and 13.41% Ni), and 347 SS (18.03% Cr and
9.79% Ni)] were exposed uncooled in the freeboard at the entrance to the convection pass,
where the metal temperature was approximately 900 K. The carbon steel samples were
essentially destroyed. However, it was expected that CI020 carbon steel samples would not
withstand the high temperatures selected for the testing. A small amount of scale spallation
was observed on the other three samples in both test runs. Based on the SEM-EDX mapping
results, there was no localized chloride distribution observed on the surface of the coupons,
neither in the scale spallation area nor on the rest of the metal part. Some trace amount of
chloride was found, but evenly distributed on the surface of the coupons.

There is no

concentration of chloride on the spot of scale spallation. The scale spallation might be due to
the effect of erosion. Further study with higher chlorine (> 0.3%) content coals for more
conclusive information is needed.

Xlll

I. INTRODUCTION

A.

The Fundamentals of Chlorine Occurrence in Coal
The content of chlorine in coal varies from 0.005-1.2% by weight depending on

the geographic area and the depth of the source.1"2 It ranges2"4 between a few parts-permillion to about 1 wt% in United Kingdom, 0.01 to 1.1 wt% in Australia, 0.03 to 0.14
wt% in Belgium, 0.32 to 0.55 wt% in India, 0.02 to 0.07 wt% in New Zealand, 0.025 to
0.14 wt% in Poland and 0.005 to 0.03 wt% in South African coals. On the other hand,
the chlorine content in U.S. coals varies from 0.04 to 0.82 wt%.5 Bragg and coworkers6
have determined chlorine values on over 5,000 coal samples from United States coal basins.
The data from more than 1,500 of these samples indicated that all sampled western United
States coal basins (including Alaska) have mean values of less than 200 ppm chlorine,
whereas the Appalachian and Interior basins (about 3,600 samples) have mean values of
over 500 ppm chlorine. Chlorine concentrations can exhibit significant variations within a
basin. For example, coal samples in the southern part of the Appalachian basin have a
mean value of 310 ppm chlorine, whereas coal samples in the middle and northern part of
Appalachian basin have mean values of 950 and 850 ppm chlorine, respectively. Chlorine
in coal samples from the Central Appalachian basin also exhibit stratigraphic trends with
decreasing values in samples from the Lower Pennsylvanian New River Formation (mean
chlorine — 1,500 ppm) to samples from the Upper Pennsylvanian-Lower Permian Dunkard

1

2

Group (mean chlorine — 160 ppm).
7 8

Gluskoter and coworkers " reported that the chlorine content in Illinois Basin
coals varies from < 0.003 to 0.8 wt%. The chlorine content increases with depth of coal
underground (approximately 0.2 wt% chlorine per 100 meter). Coal samples from surface
mines (< 50 m depth) usually have chlorine contents of 0.1 wt% or less. Channel samples
from underground mines (>50 m depth) have chlorine contents ranging from ~0.1 to 0.5
wt%. The close relationship between chlorine content and depth of the coal seam indicates
that chlorine in coal is in equilibrium with the chlorine in the associated groundwater which
generally increases in salinity with depth.
After analyzing a larger number of coal samples for chlorine, sodium and ash
contents, Chou9 concluded that two forms of chlorine occur in coal: (1) chloride ions (CI")
occurring as Na+Cl" dissolved in pore water, and (2) chlorine enriched in organic matter,
most likely as chloride ions adsorbed on the inner surfaces of micropores in macerals. The
adsorbed chloride ions probably occur as hydrochloride (HC1) associated with the positively
charged nitrogen functional groups, and may be held in the diffuse electrical double layer.
The charge of adsorbed chloride ions may be balanced by hydrogen ions, not by sodium
ions.
In 1992, Shao10 summarized the main chemical forms of chlorine in his M.S. thesis
as the following:
(1) inorganic water soluble chlorides including NaCl, KC1, CaCl2, and traces of
MgCl2 and FeCl3.
(2) a component of stable complex silicates.

3

(3) chloride ions in the water layers absorbed on the inner surfaces of coal.
(4) chloride ions associated with exchangeable cations in clay minerals.
(5) water-insoluble chlorine-bearing minerals such as chlorapatite
(9Ca03P 2 (VCaCl 2 ) or sodalite [3(Na 2 OAl 2 0 3 '2Si0 2 >Na 2 0].
(6) and covalently bound organic chlorine.
It is generally accepted that chlorine in coals is liberated as HC1 during pyrolysis
and combustion. Edgeomble11 noted that more than half of the chlorine in the British coals
investigated was released as HC1 in air at 200°C, but not in nitrogen at the same
12

temperature. Gibb suggested, however, that British coals give off 97% of their chlorine as
HC1 in oxygen-free nitrogen at 258°C.
The development of a set of methods using TG-FTIR and TG-MS combined
13

instrumentation by Pan

enabled one to kinetically study the profile of evolved HC1 gas

during pyrolysis and combustion. From these techniques, the evolution of chlorine species
in coal during heating can be detected, and then the possible forms of chlorine present in
coal and the potential corrosion effect of chlorine on the boiler can be evaluated. Shao10
investigated the evolution of HC1 during pyrolysis of four Illinois Basin coal samples by
utilizing a TG-FTIR. He concluded that more than 95% of the chlorine in Illinois Basin
coals evolved as HC1 between 300°C and 600°C during pyrolysis and combustion in which
most HC1 evolved at a maximum temperature of 440°C. From the data obtained, it was
suggested that the chlorine in coal was bonded as chlorine ions to amine-ion sites associated
with the organic matter on the inner walls of the micropores in the coal. Humble14 also
investigated the evolution of HC1 during combustion of British and Illinois coals by using

4

TG-FTIR and TG-MS techniques. Humble found that there is a good correlation between
the chlorine content in coal and the total amount of HC1 evolved.

Three peaks were

determined from the evolution profiles, where the first two peaks are representative of the
chloride ions associated with the hydrated coal matrix while the third peak is a result of
inorganic chloride in the coal.

B.

The Fundamentals of Sulfur Occurrence in Coal
Sulfur in coal has been studied for decades. Of the minerals found in coal, sulfur

is the most important single element impeding the utilization of coal as a clean fuel.
Indeed, the sulfur content may vary significantly by region, as illustrated in Table 115, or
even on a more localized basis such as in the United States as illustrated in Table 2.15
Based on total sulfur content, coals can be classified as low-sulfur (less than 1% sulfur),
medium-sulfur (more than 1% and less than 3% sulfur), or high sulfur (3% or more
sulfur) coal. The variation of sulfur content in coal is controlled by geologic conditions
during coal formation.16 The sulfur in low-sulfur coal is derived primarily from parent
plant material. In medium-sulfur and high-sulfur coal, there are two major sources of
sulfur, (1) parent plant material, and (2) sulfate in seawater that flooded peat swamps.

B-l.

Forms of Sulfur in Coal
The sulfur in coal exists in inorganic and organic forms. The inorganic forms are

usually sulfides and sulfates, with pyrite the major inorganic sulfur contaminant in most
coals. Elemental sulfur also occurs in coal, but only in trace to minor amounts; it is not

Table 1. Distribution of Sulfur in Various Coals
Sulfur f% w/w)
Location or mine

Total

Pvritic

Organic

USSR

Shakhtersky

0.38

0.09

0.29

China

Taitung

1.19

0.87

0.32

India

Tipong

3.63

1.59

2.04

Japan

Miike

2.61

0.81

1.80

Malaysia

Sarawak

5.32

3.97

1.35

United States

Eagle No.2

4.29

2.68

1.61

Canada

Fernie

0.60

0.03

0.57

1.78

0.92

0.76

2.61

1.55

0.87

0.81

0.30

0.51

Transvaal

1.39

0.59

0.70

Lower Newcastle

0.94

0.15

0.79

Santa Caterina

1.32

0.80

0.53

Region and country
Asia

North America

Europe
Germany
United Kingdom

Derbyshire

Poland
Africa
South Africa
Australia
South America
Brazil

6

Table 2. Sulfur Distribution in U.S. Coal
Region

Total Sulfur(%")

Inorganic sulfurf%)

Organic sulfur(%)

Nothern Appalachia

3.01

2.01

1.00

Southern Appalachia 1.04

0.37

Alabama

1.33

0.69

0.64

eastern Midwest

3.92

2.29

1.63

Western Midwest

5.25

3.58

1.67

Western

0.68

0.23

0.45

Total United States

3.02

1.91

1.11

•

0.67

determined in routine coal analysis.

Pyrite is the predominant sulfide in coal. Other sulfide minerals found include
marcasite, pyrrhotite, aphalerite, galena, and chalcopyrite. Pyrite can occur in lenses and
bands, balls or nodules, joints or cleats, and as finely dispersed particles. Scanning and
transmission electron microscopes reveal irregular polycrystalline forms, framboids, and
isolated single pyrit crystals.

17 18

The amount of sulfate sulfur in freshly mined coal in general is less than 0.05%,
but it gradually increases due to oxidation of the pyrites. In fact, its presence in more
than small amounts indicates that the coal has been weathered. The following iron sulfate
19 22

minerals are weathering products of pyrite: "

szomolnokite [FeS0 4 *H 2 0], rosenite

[FeS0 4 '4H 2 0], melanterite [FeS0 4 *7H 2 0], coquimbite [Fe(S0 4 ) 3 *9H 2 0], roemerite

7

[FeS0 4 'Fe(S0 4 ) 3 '14H 2 0], jarosite (usually a sodium jarosite) [(Na, K)Fe 3 (S0 4 ) 2 (0H) 6 ],
and halotrichite [FeAl2(S04)4*22H20].

The sodium sulfate minerals, mirabilite
23

[Na 2 S0 4 »10H 2 0] and thenardite [Na 2 S0 4 ] found in coal refuse

are reaction products of

•iron sulfates with sodium associated with coal 24
Organic sulfur is distributed though the coal matrix as an integral part of the coal
molecular structure and, accordingly, it can not be removed by conventional cleaning or
preparation processes, but requires chemical treatment. In general, organic sulfur is the
predominant form of low-sulfur coals; however, as the total sulfur increases both the
organic and pyritic forms increase. Although there is no exact knowledge of the forms in
which organic sulfur is present in the coal matrix, the following kinds of organic sulfur
compounds are thought to occur in coal: (1) thiols (R-SH), (2) sulfides (R-S-R') and
disulfides (R-SS-R'), and (3) thiophene and compounds containing the thiophene ring.
Elemental sulfur (S°) is obviously not organic sulfur but it is necessary to digress
to discuss its presence in coal. There are two main, though interconnected, reasons for
this discussion:

25

firstly, the ASTM definition of organic sulfur, and secondly, the role it

plays in perchloroethylene (PCE) desulfurisation of coal. Elemental sulfur has long been
26

know to be an oxidation product of pyrite. In 1942, Chatterjee

found the presence of

elemental sulfur in weathered Indian coal but not in fresh samples. He suggested that,
during weathering, pyrite is first oxidized to ferrous and ferric sulfates, and that then
ferric sulfate oxidizes pyrite to elemental sulfur. The presence of elemental sulfur in U.S.
27 30

coal was confirmed by Lee and others. "

31

Duran and coworker

found that elemental

sulfur (0.03-0.15%) is present in Illinois coal samples, and the coal with the highest pyrite

8

content also contained the most elemental sulfur. Further, the S° content increased from
0.15% to 0.21% after exposure to air for 28 days. These finding have been reinforced by
32

Stock and Wolny.

33

Beyer and

coworker

reported

that,

during

microbial

desulfurization, pyritic sulfur decreases and elemental sulfur increases with time, whereas
the organic sulfur remains unchanged.

They pointed out that microbial oxidation of

pyrite produces ferric sulfate [Fe 2 (S0 4 ) 3 ], and the simultaneous inorganic reaction of
ferric iron with pyrite produces elemental sulfur and ferrous iron, as follows:
2Fe3+ + FeS2 (pyrite)

B-2.

> 3Fe2+ + 2S°

Transformation of Coal Sulfur During Heat Treatment
At high temperatures, all the coal sulfur, both mineral and organic, is converted to

S0 2 . In this light, the sulfur distribution in coal is not important. However, it should be
pointed out that for low rank coals, lower temperatures pertain; thus, this question may
need further study.34

Also, it is very useful to understand the mechanism of sulfur

release, which may provide us the way to clean coal using physical and/or chemical
methods before the utilization of coal.
Although several factors such as coal rank and experimental conditions influence
the mechanisms of sulfur evolution, it is generally accepted that the following reactions
•

occur during coal devolatilization. In a review by Khan,

35

he gave a summary of possible

inorganic and organic reactions involving sulfur compounds during coal pyrolysis. The
pyrite present in coal decomposes to ferrous sulfide and sulfur when heated in an inert
atmosphere by the following reaction: FeS2 —» FeS + S. Conversion of pyrite is limited

9

kinetically. This transformation begins at 450 to 500°C, and is essentially complete at
850°C, if the heating rate is sufficiently slow. At elevated temperatures, the pyrite may
be reduced by carbon. Most aliphatic sulfur compounds decompose appreciably at about
500°C. Diethyl sulfides begin decomposing at «400°C to form H 2 S and mercaptans.
Aliphatic and benzylic sulfides, mercaptans, and disulfides lose H 2 S between 700 and
800°C. Aromatic sulfides and mercaptans are relatively stable and yield H2S and CS2
only at a relatively high temperature (800°C).

C.

The Fundamentals of Corrosion
Corrosion is the destructive attack of a metal by chemical or electrochemical

reaction with its environment. Deterioration by physical cause is not called corrosion, but
is described as erosion, galling, or wear. In some instances, chemical attack accompanies
physical deterioration as described by the following terms: corrosion-erosion, corrosive
wear, or fretting corrosion. It occurs because in many environments most metals are not
inherently stable and tend to revert to some more stable combination of which the
metallic ores, as found in nature, are familiar examples.

Corrosion is usually superficial

but it sometimes is directed along grain boundaries or other lines of weakness because of
differences in resistance to attack or local electrolytic action.

Under most ordinary

conditions of exposure the corrosion products consist mainly of oxides (usually more or
less hydrated), carbonates, and sulfides.
The study of corrosion needs neither justification nor explanation. The amount of
money spent in an industrial country in combating corrosion by preventative measures,
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such as painting or plating, by replacement of corroded parts, by use of expensive alloys,
etc., is extremely high. The direct annual cost of corrosion in the United Kindom was at
36

least £1300M.

A more recent Australian study using an econometric model estimated

that $2000M could be saved within the Australian economy, if known methods of
37

corrosion protection were efficiently applied.

The corrosion of metals, therefore,

represents a terrible waste of both natural resources and money. Former President Hoover
said it best:38
"It is only though the elimination of waste and the increase in our national
efficiency that we can hope to lower the cost of living, on the other hand, and raise our
standards of living, on the other. The elimination of waste is a total asset. It has no
liabilities."

C-l.

Classification of Corrosion
Based on the mechanisms of corrosion processes, there are two types of corrosion:

chemical corrosion and electrochemical corrosion. Electrochemical corrosion is subject
to the basic laws of electrochemical kinetics and generally refers to cases of corrosion
with possible generation of current (that is, corrosion of metals in electrolytes). On the
other hand, chemical corrosion is subject purely to the basic laws of chemical kinetics of
heterogeneous reactions and refers to cases of corrosion that are not accompanied by
generation of electric current (for instance, corrosion in nonelectrolytes or dry gases).

C-2.

Electrochemical Corrosion
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Electrochemical corrosion can take place in many forms. Apart from general
corrosion which results in a relatively uniform removal of a surface, specific features in a
metal surface, such as grain boundaries, pitting, etc., may be preferentially or selectively
attacked. With all these forms of corrosion an anodic and a cathodic. reaction must occur,
following an electrochemical mechanism.
The overall chemical reaction of a reagent with a metal in electrochemical
39

corrosion is divided into two largely independent processes :
(1) Anodic process ~ transfer of metal into the solution as hydrated ions with an
equivalent number of electrons left in the metal.
(2) Cathodic process - assimilation of the excess electrons in the metal by
depolarizers (atoms, molecules, or ions in the solution that can be reduced on
the cathode).
The electronchemical reaction may be considered as the sum result of galvanic
cell operation. The mechanism and theory of electrochemical corrosion, therefore, is
based largely on the general laws of galvanic corrosion cells, particularly electrode
potentials and kinetics of electrode reactions. Galvanic cells are of the type in which
energy flows from the anode to the cathode. It may arise when two dissimilar metals are
in contact in an aqueous environment. The potential difference between them will initiate
attack at a corrosion rate that is largely dependent upon the surface reactions of two
metals. However, galvanic corrosion can occur without the two metals being initially in
actual contact. Water containing one metal may cause corrosion of a second if the first
"plates out" on the second. For example, if soft acid water (containing carbonic acid)
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flows through copper pipes and into a galvanized tank, any copper taken up from the
pipes is likely to be deposited:
Cu2+ + Zn = Cu + Zn2+
The efficient copper cathodes will produce intense local attack on the zinc coating.
Similarly, if two metals are insulated from each other, corrosion may still occur if the
corrosion products of the cathodic metal are deposited on the anodic metal and reduced to
the bare metal.

C-3.

Chemical Corrosion
When a metal is exposed at room or elevated temperatures to an oxidizing gas.

such as those containing oxygen, sulfur, or halogens, corrosion may occur forming a solid
reaction-product film or scale on the metal surface through which the metal, the
environment, or both must diffuse in order for the reaction to continue. The work of
Kistykoskii40"41 on his film theory of corrosion, and the investigations of Evans42 were of
great significance in conclusively establishing the presence of thin protective films on
metal surfaces exposed to the oxidizing gas environment.

C-3.1. Thermodymatics of Oxidation
The thermodynamic feasibility of a corrosion reaction is determined by the
39

change in free energy of the system during the corrosion process.

It is this change in the

free energy of the system that is the driving force of the reaction, and it represents the
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maximum fraction of the energy that can be converted into work. The change in free
energy, AG, can be represented as:
AG = G (products) - G (reactants)
The standard free energy change for the formation of nearly all metal oxides is
negative, —i.e., oxides are thermodynamically stable in oxygen atmospheres whereas
metals are not. Oxidation will therefore always tend to occur.
The chemical reaction of metal oxidation
Me + 0 2 <=> Me0 2
will be in equilibrium if the partial pressure of the oxygen (Po2) and the dissociation
pressure of the oxide (PMCO2) are equal. When Po2 > PMeo2 the reaction will proceed to the
right. On the other hand, if PMeo2 > Po2 the reaction proceeds in the opposite direction.
The oxide then dissociates (decomposes) into pure metal and oxygen.
39

One of the characteristics

of chemical corrosion (in contrast to electrochemical

corrosion) is that corrosion products are formed directly on those parts of the metal
surface that enter into the reaction. Further growth of the film, under such a mechanism
of corrosion, will depend on the ability of corrosive agents to penetrate the film. One of
the basic conditions characterizing the ability of the initial film of corrosion products to
retard further oxidation of the metal is the continuity of the film. If the volume of
chemical compound (Vox) constituting the film material is smaller than the volume of the
metal (Vme) forming this compound, we may expect a discontinuous, porous film
possessing low protective properties. If, on the contrary, the volume of the oxide is larger
than the volume of the corresponding metal, we have a basis to expect the formation of
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continuous films with increased protective properties. Metals, therefore, having ratios of
Vox/VMe < 1 form porous films with poor protective properties and are characterized by
high rates of oxidation. On the other hand, metals with ratios of Vox/VMe > 1 form, as a
rule, films that retard considerably the oxidation process ~ films with good protective
properties.

C-3.2. The Mechanism of Chemical Oxidation of Metals
It is not difficult to see that the basic direction of diffusion is of considerable
significance in understanding the mechanism of oxidation processes and, in particular, the
establishment of the zone of film growth. This zone is evidently related to the principal
direction of movement of the diffusion process participating in the oxidation reaction.
With diffusion of metal atoms outward through the film, the zone of film growth will be
evidenced at the exterior surface. On the contrary, if it is the oxidizing agent that diffuses
principally through the film, the zone of film growth will occur at the interface between
the metal and the film. Where opposing diffusions of metal and oxygen proceed at
commensurate rates, the zone of film growth will be within the film itself.
Diffusion in a solid body can proceed by one of three mechanisms: (1)
neighboring atoms or ions in a crystal lattice exchanging places (exchange mechanism),
(2) movement of atoms or ions between points of a crystal lattice, or (3) movement
through vacant points of a lattice.
These three possible diffusive mechanisms also hold for ionic crystals. The first
mechanism, exchange between ions or atoms in the crystal lattice, is highly improbable
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from an energy viewpoint at temperatures far from the melting point of the crystal,
because a high activation energy is required. The second mechanism may be proposed
for the formation of oxides whose metal ion radii are small in comparison with the
parameters of the lattice. The third mechanism is more probable in case of formation of
oxides with vacant points in the crystal lattice.
Two types of metal oxides can be distinguished, based on the more probable latter
two mechanisms for movement of ions in the ionic crystal lattice: (1) oxides with an
excess of metallic ions in comparison with the stoichiometric composition (reduction
semiconductors), characterized by an increase in electrical conductivity when heated in a
reducing atmosphere and a decrease in electrical conductivity when heated in oxygen; (2)
oxides with an excess of oxygen ions in comparison with the stoichiometric composition
(oxidation semiconductors), characterized by an increase in electrical conductivity when
heated in an oxidizing atmosphere.
With the first type, an excess of metal ions and an equivalent excess of electrons
are formed in the oxide layer as a result either of a partial dissociation of the oxide and
transfer of a portion of the oxygen directly to the gaseous phase or of the entry of metal
ions from the metal lattice points determines the electrical conductivity and degree of
diffusion of such oxides. With oxides of the second type, elevated temperatures result in
a solution of oxygen absorbed from the gas phase. The oxygen ions thus formed produce
new points in the oxide lattice. However, the corresponding points for the metal ions
remain unfilled, thus creating vacant sites or "cationic holes" in the lattice. The electrons

16

necessary for the ionization of the oxygen come from part of the metal ions, the valence
of which is thus increased.

C-3.3. Theory of High-Temperature Alloying
The principal methods for protection of metals against oxidation at high
temperatures are based on special alloying materials and processes. It is evident43 that Al,
Si, and Cr provide marked increases in high temperature resistance, whereas Ni and Ti
have little effect. Two very fundamental theories of high-temperature alloys can be
39

advanced.

The first theory postulates that only the alloying element forms a protective

oxide on the metal surface, inhibiting the oxidation of the less resistant base metal.
According to the second theory, mixed oxides of the base metal and the alloying element
are formed, with higher protective properties than the oxides of the pure alloy
components.
According to the first theory, which provides a very elementary treatment of the
mechanism of alloy heat resistance, an alloying element must possess the following basic
properties: (1) the ratio of the volume of oxide to metal must be greater than unity with
respect to the alloying component; that is, VoX/Vmc > 1; (2) the alloying component must
produce an oxide having a high ohmic resistance; (3) the ions of the alloying component
must be smaller than the ions of the base metal; (4) the energy required to form an oxide
of the alloying component must be higher than that of the oxide of the base metal; (5) the
oxide of the alloying component should have a high melting point and should not form
low-melting eutectics with the oxides of the other alloying components; (6) the oxide
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should have a low-dissociation pressure and a high temperature of sublimation; (7) a solid
solution should be formed with the alloying and base components at a given percent of
alloy composition.
The principle of raising the heat resistance of alloys by increasing the protective
properties of the scale formed from mixed complex oxides is the basis of theories
developed by Arkharov 44 The principle may be clarified by examining its application to
heat-resistant iron alloys. According to theories of this type, an increase in the heatresistant properties of iron alloys can be effected by two basic conditions: (1) preventing
the formation of compounds with a wtistite structure during oxidation; (2) formation of
spinel-type oxides on the alloy surface, with lattice parameters as small as possible.

C-3.4. Gaseous Corrosion
A particular case of chemical corrosion of metals in different gaseous
environments at high temperatures is generally known as gaseous corrosion. The basic
laws governing gaseous corrosion correspond to the general laws of chemical corrosion.
The rate of gaseous corrosion can change depending on a number of conditions.
The internal factors which mean all those factors directly connected with the metal itself
include alloy composition, structure, metal deformation, and nature of the metal surface
treatment. First of all, it is generally accepted that the principle heat-resistant alloys often
consist of the system Fe-Cr with the addition of aluminum and silicon. Secondly, the rate
of oxidation depends, to a small degree, on the lattice structure. Third, the influence of
metal deformation on resistance to gaseous corrosion may be evident at comparatively
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low deformation temperatures, for example, not exceeding the recrystallization
temperature. On the other hand, the effect of preliminary deformation is of practically no
significance. Finally, different degrees of surface smoothness of a steel exerts some
influence, but primarily in the initial stages of oxidation, with smooth surfaces exhibiting
a somewhat lower rate of gaseous corrosion.
In the case of external factors, the influence of composition of the gas
environment, rate of gas flow, and heating conditions are different for different metals
and in different oxidation stages.

An appreciable increase in the rate of oxidation of

metals with an increase in the oxygen content of a gas is observed only with relatively
small admixtures of oxygen to any neutral atmosphere. Further increase in the partial
pressure of oxygen in the gas mixture is not accompanied by a proportional increase in
the gas corrosion rate. Besides oxygen, a number of other gases may possess strongly
aggressive properties to metals at high temperatures. The most active of these are water
vapor, carbon dioxide, sulfur dioxide, chlorine, and hydrogen sulfide.

Their

aggressiveness toward different metals is not the same. For example, aluminum and its
alloys, chromium, and steels with a high-chromium content are quite stable in an
atmosphere containing oxygen as the principle aggressive component, but become very
unstable if only a small amount of chlorine is present. Nickel is completely unstable in
sulfur dioxide and even in air containing an appreciable amount of S0 2 , whereas copper
is highly resistant to an atmosphere of sulfur dioxide, even at 700-900°C. The rate of gas
flow shows a marked influence on gaseous corrosion only in the very initial stages of
oxidation before the oxide film acquires a noticeable thickness.

The reason for the
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insignificant effect of the gas flow rate is that gaseous corrosion (discounting the initial
period) is determined primarily by diffusion processes in the oxide film and not by
transfer of the oxidizing agent from the gas phase to the surface of the film-gas interface.
Furthermore, the rate of diffusion in solid bodies (oxides) is negligible in comparison
with the rate of convection or diffusion in the gas phase.

D.

The Effect of Chlorine on Corrosion
Few elements in coal have as significant a technological impact as does chlorine.

Chlorine induced or accelerated corrosion during coal combustion, gasification, and
liquefaction has been a major industrial concern for more than 30 years. The chlorine
content of most coals burned in U.S. utility boilers has historically been limited to less
than about 0.3% to avoid aggravation of the potential for fireside corrosion.
The role of chlorine in high-temperature corrosion has been an issue for many
years. For example, the possible role of chlorine arising from sodium chloride ingestion
on the molten salt-induced hot corrosion of high-temperature components in gas turbines
has been an ongoing controversy. Meanwhile, chlorine in municipal solid waste, arising
from polyvinyl chloride (PVC) and similar materials, has been shown to be a factor in
accelerating boiler tube corrosion in incinerators.
An empirical relation from plant experience between the corrosion rates of
conventional superheater materials and the chlorine content of the coal burnt has been
available for some years,45"46 although it is known from the evidence presented in the
1969 conference reviewed by Halstead and Hard47 that there should be no direct effect of
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coal chlorine content on superheater corrosion. By the time the flue gases reach the
superheater tubes with metal temperatures in the range 550-650°C, all the chloride
compounds in the coal will have reacted with the sulfur oxides to produce HC1 and alkali
metal or transition metal sulfates. The HC1 will not react with the superheater steel
constituents because metal chlorides are not stable at superheater temperatures.
In order to clarify the influence of hydrogen chloride in the flue gases on the
corrosion behavior and susceptibility to corrosion-enhanced

cracking of boiler

construction materials, many laboratory studies have been done using a simulated flue
48

gas environment. Mayer

reported the corrosion rates of ferric alloys increased with the

hydrogen chloride concentration in the synthetic flue gas, and stainless steel exhibited
higher resistance to the attack of hydrogen chloride containing synthetic flue gas than
ferric materials. The data from Cutler49 also showed that the corrosion rate is increased
by the addition of 500 vppm of HC1 to the combustion gas. He pointed out that the
observation was consistent, at least in qualitative terms, with the correlation reported by
Flatey and coworker45 between the corrosion of superheater tubes in coal-fired boilers
and the chlorine content of the coal.
Because it is associated with the organic matter in coal, chlorine appears in the
combustion products primarily as HC1. In the review by Wright,50 he pointed out that the
high-temperature corrosion is the result of (1) gas-phase attack by HC1 and chlorine, and
(2) liquid-phase attack by molten chlorides and their eutectic mixtures that melt at boiler
metal temperatures. The corrosion of a bare iron or mild steel surface in pure HC1 occurs
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at relatively low parabolic reaction rate up to 593°C, because the FeCl2 reaction product
forms a stable surface layer:
Fe + 2HC1 o FeCl2 + H2
The presence of chlorine in the corrosion scale at a metal-deposit interface has
been identified by electron microprobe analyses of failed superheater tubes from
5 1 52

municipal incinerators. "

X-ray diffraction analysis of similar corrosion products on

incinerator probes has demonstrated that the chlorine was present as FeCl2 over the
53

temperature range from 149-593°C.
Although FeCl2 has some volatility (1CF4 atm vapor pressure at 538°C)
catastrophic corrosion in 100% HC1 does not occur until the melting temperature is
reached at 677°C. However, when oxygen is presented, oxidation to FeCl3 begins at
400°C, as demonstrated by Ihara54. The FeCl3 is very volatile (10"4 atm vapor pressure at
167°C), and its evaporation leaves the metal surface exposed to further attack by HC1.
A detailed study of the disruption of the oxide layer on steel by HC1 in flue gas
was reported by Mayer.55 Experiments were conducted at a metal temperature of 538°C
and a flue gas temperature of 1060°C. Without HC1 in the flue gas, a continuous nonporous scale consisting of FeO, Fe 3 0 4 , and Fe 2 0 3 was formed. With 0.1 volume percent
HC1 in the gas, the inner scale layers were continuous, but the outer Fe 2 0 3 layer became
blistered and cracked. This Fe 2 0 3 layer in turn became porous and discontinuous when
the HC1 concentration was increased to 0.2 volume percent. A further increase of HC1
content to 0.8 volume percent caused complete disintegration of the Fe 2 0 3 layer, and the
Fe 3 0 4 layer became irregular and porous.

The maximum content of HC1 that was
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investigated (2 volume percent) destroyed the continuity of both outer layers, exposing
the permeable FeO to penetration by oxygen and HC1.
Inasmuch as FeCl2 has been found as a corrosion product in the metal temperature
range from 149-260°C, where HC1 has little activity, the corrosive agent in this zone must
be elemental chlorine formed by oxidation of HC1. As shown by Brown,36 chlorine
attacks steel rapidly in this low temperature range. In addition to formation from HC1,
the elemental chlorine can result from oxidation of FeCl3 in the scale layer:
4 FeCl3 + 3 0 2 o 2 Fe 2 0 3 + 6C12
A cyclic reaction can then occur beneath the deposit, with the chlorine attacking the tube
metal to form more FeCl3.
It had been considered that the primary effect of HC1 was to enhance iron
transport in the scale and metal loss by the formation of a volatile species, FeCl2, at the
57 58

metal-oxide interface. "

There are several experimental observations which a vapor

phase transport mechanism cannot readily explain, as pointed out by Brooks:

(1) A

vapor phase transport mechanism would yield a parabolic rather than a linear rate, unless
some ancillary effect, such as repeated scale failure, a rate controlling interface reaction
or some constant rate controlling scale thickness, is invoked; (2) HC1 cause enhanced
corrosion only after several hundred hours. If a vapor diffusion mechanism was giving a
directly enhanced metal loss, its effect should be observed over the whole experimental
duration; (3) In simple oxygen containing N2-HC1 gas mixtures, he found that even when
the volatile FeCl2 escaped from the scale and linear kinetics were observed, corrosion
rates of only ~10 nmh"1 were measured at 450°C with oxide scales -20-50 |im thick. The
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HC1 concentration was 4000 ppm. In such conditions it would be expected that the loss
rate of FeCl2 would be far greater than in more complex atmospheres with thicker scales.
On the other hand, direct observations of the effects of chlorine and chlorinecontaining compounds on the oxidation behavior of a range of alloys have been made
under laboratory conditions by Hancock and co-workers.60 The experimental techniques
employed were hot-stage microscopy and measurement of the natural vibration
frequencies of freely-suspended bars. With iron-based alloys, extensive blistering and
cracking of the oxide scale occurred when sodium chloride was used to contaminate the
specimen surface, the severity of the attack increasing with increasing temperature.
Below the melting point of the salt the attack was localized, whereas above the melting
point, widespread failure of the scale occurred.60"61

Similar effects were noted for a

range of nickel-based alloys. Any reaction between the oxide and the chloride had no
effect on the overall oxidation rate — apparently the corrodent must have access to the
metal surface before accelerated oxidation can occur.62

The vibration technique

demonstrated that mechanical failure of the surface oxide scale occurs continually, even
at isothermal conditions, on all iron- and nickel-based alloys studied. Any contaminant in
the gas therefore is provided with direct access to the metal surface.

Chlorine

concentration profiles across a section of mild steel corroded under such conditions
showed a large concentration of chlorine at the metal-scale interface, with little or no
chlorine present throughout the scale itself.
When sulfur is present in fuel, corrosion under oxidizing conditions releases S0 2
and S0 3 into the combustion process.

These tend to react preferentially with the
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volatilized chlorine species with the alkali metal vapor species, for instance, and the
chlorine species tend to remain in the gas phase (mainly as HC1), and leave the furnace in
the flue gas stream.

When the flue gas encounters surfaces cooled below the

condensation temperatures of the alkali sulfates, deposition can occur. However, under
substoichiometric conditions, the alkali metal chlorides are stable in the gas, and NaCl
and KC1 will tend to condense on to furnace wall tubes cooler than about 630°C for
63

concentrations of only 10 ppm in the gas.

Calculations indicate that NaCl and KC1 are

stable in deposits under substoichiometric conditions at 527°C but not at high
temperatures.

Also, since the ratio of combustion air to fuel is reduced, the

concentrations of chlorine species such as HC1, NaCl, and KC1 in the combustion gas are
increased compared to the oxidizing case, and there is a slight increase in the ratio of
alkali chloride to HC1 concentration.

Corrosion by molten salts containing chlorine

therefore occurs primarily on furnace wall tubes subjected to substoichiometric gas
conditions, where low melting compounds or eutectic mixtures are formed in deposits.
The molten salts can act as a flux for protective oxides on the tubes, thus exposing the
surface to continued oxidation and/or chlorination. The metal chlorides are the most
likely sources of molten salt corrosion because of their low melting points and fluxing
properties.

E.

The Effect of Sulfur on Corrosion
Sulfur is a critical impurity in almost all fossil fuel energy sources and leads to

accelerated, and often unacceptable, rates of metal degradation. The attack of metals by
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sulfur compounds at high temperatures has always been a major corrosion problem.
Generally speaking, metals, and particularly alloys, resist oxidation in pure oxygen by
forming a more or less protective oxide scale.

When sulfur is present, the reaction

product may change to include low melting compounds or compounds with higher ionic
conductivities than the oxides normally formed.

Both possibilities cause accelerated

attack on the metal.
Pettit64 and Birks65 have examined the thermodynamics of the simultaneous attack
of metals and alloys by oxygen and sulfur. They concluded that the activity of sulfur at
certain reaction sites of high metal activity can exceed that required for sulfide formation.
S0 2 can apparently penetrate a protective sulfide-free oxide scale, leading to sulfide
formation within the oxide scale at the sites of sufficiently high metal activity where the
oxygen activity is low, especially at the metal-scale interface.
66

Flatley,

67

Wooton

68

and Rahmel

have studied the conjoint attack of sulfur and

oxygen metal alloys. A common important feature which emerged from all these studies
was that there was a major increase in the reaction rate, mainly due to sulfide formation at
the metal-scale interface, or within the scale layer.
Corey69 identified the presence of alkali pyrosulfates in furnace wall deposits and
alkali-iron trisulfates on the leading edge of the final superheater tube surface as being
responsible for tube wastage. In both cases the deposit consisted of a hard, white enamellike material and corrosion was dependent on the existence of a molten phase.69"70
The alkali-iron trisulfates Na 3 Fe(S0 4 ) 3 and K 3 Fe(S0 4 ) 3 have been mainly
responsible for the severe loss of metal in superheaters where the metal temperature
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ranges from 1100 to 1300°F. The following sequence of events is generally accepted as
representing the actions occurring during the corrosion process:
(1) Sodium and potassium are volatilized in part from the mineral matter in the
high-temperature flame, forming Na 2 0 and K 2 0.
(2) During combustion, pyrites are dissociated thermally and, with the organic
sulfur in the coal, react with oxygen, forming S0 2 and some S0 3 .
(3) The Na 2 0 and K 2 0 then react with S0 3 either in the gas stream or on the tube
to form sodium or potassium sulfate, a low-melting-point material that
deposits on the tube. This material attracts other ash particles, eventually
building up a moderately thick deposit on the tube.
(4) Sulfur dioxide present in the flue gas is catalytically oxidized to sulfur
trioxide on iron-oxide surfaces present as tube scale. Sulfur trioxide reaches
near equilibrium concentrations in localized areas near the tube (>1000 ppm).
(5) The alkali sulfates, iron oxide, and sulfur trioxide then react to form the
complex sulfates 2 (Na3 or K 3 )Fe(S0 4 ) 3 , which are molten at about 1100°F in
a high-S0 3 atmosphere (>1000 ppm).
A difference of opinion centers around the source of Fe 2 0 3 in the alkali-iron
71

trisulfate. Some investigators

have indicated the source of Fe 2 0 3 to be the coal ash and

have shown that migration of the complex sulfate does occur, resulting in tube wastage
according to the following reaction:
1 OFe + 2Na 3 Fe(S0 4 ) 3

> 3Fe 3 0 4 + 3FeS + 3Na 2 S0 4
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Others " indicate that tube scale is more likely to form of Fe 2 0 3 , resulting in a
reaction where the complex sulfate is a product of the wastage reaction as follows:
3Na 2 S0 4 + Fe 2 0 3 + 3S0 3

F.

> 2Na 3 Fe(S0 4 ) 3

Objective of the Study
This study is part of the project "Behavior of Chlorine during Coal Combustion in

AFBC Systems." The main goal of the comprehensive research project is to have a better
understanding of the combustion behavior of sulfur and chlorine during coal combustion
in an AFBC system. It concentrated on the effects of coal chlorine and sulfur contents on
HC1 and SOx emission reduction, on the composition of fly ash and ash deposits, and on
the high temperature corrosion of different metals in fluidized beds during coal
combustion. The purposes of this study are: (1) to evaluate the role of chlorine in high
temperature corrosion, (2) to evaluate the critical point of coal chlorine content which
may, if it does, cause initial corrosion.

II. EXPERIMENTAL

A.

AFBC System
Two 1,000-hour burns were conducted with the 0.3-meter (12-inch) laboratory

AFBC system at Western Kentucky University.

A schematic diagram of the AFBC

system as used for the tests is given in Figure 1. A full description of the AFBC system
77

has been presented by Riley,

so only a brief description is given here. The combustor

consists of 12 main areas, including wind box, setter plate, forced draft fan (FDF), bed
area, bed heat exchangers, freeboard, gas heat exchangers, above bed feed system, below
bed feed system, bunkers, cyclone/scrubber, and induced draft fan (IDF). The wind box
is represented by the lower part of the combustor, from the ground to 0.5 meters (above
the floor). This area is the point at which the air from the forced draft fan (FDF) enters
into the combustor and is subsequently forced through the setter plate. The setter plate
represents the floor of the hot bed material. Its design allows for air (from the FDF) to be
forced through, which results in a bubbling action within the bed. The bed area of the the
combustor is the place where the majority of the molten bed resides. The exact area is a
function of air velocity, but it typically runs from the setter plate to a height of 0.61
meter. In this project, an underbed continuous fuel/limestone feed system was installed
in the AFBC system. This modification improved combustion
95%.

efficiency to around

Two bunkers are used to store the fuel source and bedding material during
28
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Figure 1. Schematic diagram of Western Kentucky University's AFBC system.
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combustion runs. Typically, these vessels hold enough coal and limestone for 8 hours of
operation.

The fuel transport/storage facility was also constructed.

The facility can

handle approximately 500 lbs of coal per day during test runs. The facility has a fuel
storage capacity of approximately 5,000 lbs of fuel and has a lift and horizational
transports.

Six moveable bed heat exchangers were added to the AFBC system and

located within the bed area. Typical operation involves setting the correct coal/lime
feeds and air flows and then using the moveable tubes to adjust the bed temperature to the
desired setting, as illustrated in Figure 2. Another sixty-six gas heat exchanger tubes are
in fixed position and are located approximately one meter from the top. The hot gases
from the combustor are allowed to enter the wet cyclone where they are met with a wall
of water (which keeps the cyclone cool) that subsequently takes almost all solids to the
bottom of the cyclone where a wet holding tank is waiting. Problems with formation of
solids at the gas/water interface have been eliminated by drilling a small hole so that a rod
can be inserted to scrape down any buildup. The fly ash is collected at the down spout of
the wet cyclone using a heavy cloth filter for 10 minute periods. The samples are then
dried and prepared for analysis. The bed ash is collected from the bed drain to maintain
the height of bed around 0.61 m (without fluidized).

The combustor's operating

parameters (air/water flow, coal/lime feed, bunker weight, temperatures, and pressure) are
controlled and logged to file with a Zenith 150 MHz computer utilizing the LAB TECH
software version 3.0.

During the combustion runs any needed

changes in the

parameters could easily be entered into the computer, by accessing the correct control
screen and making the necessary corrections on line.

To Smokcstack

Combustor

Figure 2. Schematic diagram of six moveable heat exchange tubes in WKU's AFBC system.
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B.

Fuels
A 1,000-hour burn was done with a low-chlorine (0.012% CI and 3.0% S)

Western Kentucky # 9 coal (WKU 95011), which is the same type of coal as that supplied
to the TVA plant. A second 1000-hour burn was conducted with high-chlorine (0.28% CI
and 2.4% S) Illinois # 6 coal (WKU 95031). Analytical data for the coals are presented
in Table 3, and values for the coal ash are given in Table 4. The limestone came from
Kentucky Stone in Princeton, Kentucky. This is the source of the limestone used by the
Shawnee plant in their AFBC system during 1993. The coal and limestone both were air
dried before being crushed to the size of -4 mesh (4.8mm). The limestone also was used
as the bed material in the AFBC system. During combustion runs, limestone also was fed
into the system at a constant rate. The summary of steady-state run conditions for both
test runs are shown in Table 5. Operating conditions similar to those at the 160-MW
system at the TVA Shawnee Steam Plant located near Paducah, Kentucky, were used.

C.

Flue Gas Sampling System
Flue gas can be sampled from any one of four locations on the combustor.

Thermocouples are provided at these access sites so that the temperature of the
combustion gases can be measured at their respective place in the combustor. During
combustion runs the flue gases at the gas heat exchanger region were analyzed
continuously using on-line FTIR, GC, and IC instrumentation. Information derived from
these measurements provides insight for studying reaction mechanisms and transition
state energies. Flue gas is now drawn from the combustor using a laboratory size
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Table 3. Proximate and Ultimate Analyses ValuesA for the Coals and Limestone Used in
the Study.
95011

95031

KY limestone

Moisture

10.07

8.32

0.19

Ash

9.37

10.78

57.93

Volatile Matter

43.34

37.21

18.90

Fixed Carbon

47.29

52.02

22.98

Ash

9.37

10.78

57.93

Carbon

74.08

72.16

11.18

Hydrogen

5.08

4.82

0.16

Nitrogen

1.54

1.54

0.00

Sulfur

3.2

2.38

0.00

Oxygen

6.72

7.57

30.73

Chlorine (ppm)

118

3065

36

BTU/Pound

13203

12842

n/a

Proximate Analysis (%)

Ultimate Analysis (%)

A

Moisture is as-received, all other values are reported on a dry basis.
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Table 4. Analyses of Ashes Prepared from the Coals and Limestone Used in the Study.
Metal Oxides

95011

95031

KY limestone

Si0 2

49.22

47.32

2.93

P205

3.36

4.46

2.79

CaO

1.86

1.62

75.60

K20

4.14

5.03

0.37

Ti0 2

1.11

1.14

0.20

Fe 2 0 3

19.9

17.04

0.27

Na 2 0

0.58

1.90

0.18

MgO

0.70

0.80

3.73

A1203

17.12

18.18

11.41

Mn0 2

0.02

0.02

n/a
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Table 5. Summary of Steady-State Run Conditions.
Primary zone gas velocity (ms"1)

0.33 (at 298 K)

1.24 (at 1120 K)

Fuel feed rate (kgh"1)

10.44 (coal 95031)

8.41 (coal 95011)

Limestone feed rate (kgh"1)

2.21 (coal 95031)

2.21 (coal 95011)

Ca/S molar ratio

3.1

3.1

Temperature (K)
Bed temperature

1113

1173

1223

At 0.56 m

1108

1168

1218

At 0.97 m

1073

1133

1193

At 1.90 m

943

1013

1078

At 2.60 m

958

1023

1088

At 3.30 m

843

923

978

stainless steel pump which greatly reduces the amount of possible leaking sources.
Additionally, the gases were originally allowed to flow directly from the flue gas system
into the FTIR cell, with subsequent passage through the GC. However, due to high
moisture concentrations (6 to 8%), which rapidly deteriorated the GC columns, this
procedure also proved to be unsatisfactory. This problem was corrected by providing for
a moisture adsorbent after the FTIR cell.

Using this last modification was necessary to

move the IC collection to another probe while gathering C0 2 concentration for the
GC/FTIR. Analysis of the flue gases is accomplished by examining the gases with the

36

FTIR, GC and IC systems. The FTIR used in the WKU system is a Perkin-Elmer model
16PC with a heated gas cell (2.54 cm OD and 10 cm path length) which is controlled by a
Digital DEC Station 316SX computer.

The software used by this computer is the

Infrared Data Manager (IRDM) version 3.5 supplied by Perkin Elmer. Using the OBEY
micro language the computer was programmed to automatically scan every 15 minutes,
calculate the area uner a peak and to save the file on both hard drive and diskette. The
FTIR would normally be set to scan from 4400 to 450 wavenumbers and automatically
calculate the area for C0 2 , CO and S0 2 . Normally, the instrument would make 16 scans
and average the results for the final file.
A Shimadzu GC-8A gas chromatograph is a ten-port three column system and is
interfaced with a PRG-102A Integrator and a C-R6A Chromatopac recorder, and was
programmed using BASIC language to operate automatically every 18 minutes. Carbon
dioxide, oxygen, nitrogen, hydrogen and carbon monoxide can be identified in this
78

system. The details of the FTIR and GC set ups are given in Orndorff s thesis.
In the set-up for IC analysis, the flue gas is passed over approximately 50 ml of a
buffered solution containing 1 ml of 30% hydrogen peroxide. The buffer solution is 70
ppm sodium bicarbonate and 16 ppm sodium carbonate. All solutions for the IC are
prepared using nanopure water. The hydrogen peroxide oxidizes the SOx gases and forms
sulfate ions, whereas the buffer solution retains HC1 gases as chloride ions. The mobile
phase for the IC is 2.5 mM phthalic acid and 2.4 mM tris(hydroxymethyl)aminomethane
79
solution. The detail of the IC set up is given in Heidbrink's thesis.
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D.

Steel Specimens
Four different metal alloys [carbon steel C1020, 304SS, 309SS, and 347SS J were

studied in this project. Typical compositions of these alloys are given in Table 6.

Table 6. Analytical Composition (Percent by Weight) of Four Alloy Metals.
Element

CI 020

304SS

309SS

347SS

C

0.180

0.05

0.058

0.045

Cr

0.050

18.39

23.28

18.03

0.41

0.90

0.14

Cu
Mn

0.450

1.84

1.78

1.20

Mo

0.01

0.36

0.140

0.17

Ni

0.020

8.11

13.41

9.79

P

0.008

0.032

0.017

0.018

S

0.005

0.001

0.011

0.014

Si

0.024

0.46

0.44

0.52

Fe

Balance

Balance

Balance

Balance

Others

0.051

N-0.06

N-0.059

N-0.029

Co-0.03

Co-0.21

Each metal coupon had a 5.08 cm outside diameter, was 0.3175 cm thick, with a 1.587
cm diameter hole in the center. A set of metal coupons was placed at 3.35 m above the
fuel injection port, which is 10 cm below the convective pass heat exchange tubes.
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Coupons were held in place by a machinable tungsten rod (powder metallurgical
prepared) and separated by ceramic mounts. Figure 3 shows how a support collar located
the eight coupons of the sample array in reference to the center line of the combustor.
Two sets of each coupon (listed above) made a total of eight coupons for each run. Each
specimen within a group was rotated as to position in an array every 250 hours during the
test burn. The temperature near metal coupons was approximately 900 K. The coupon
was weighed before and after the run and examined using SEM.

The procedure for

cleaning the specimen was to blow the deposits by compressed nitrogen until the weight
of the specimen was not changed. The SEM analysis was performed on a JEOL JSM5400 SEM. Attached to the SEM for Energy Dispersive X-ray analysis (EDX) was a
KEVEX Sigma 1 system with a Quantum detector for elemental analysis down to carbon.
The following

instrument

operating

parameters

were used for the SEM/EDX

analysis: electron beam energy — 20 KeV; working distance — 24 mm; sample tilt angle - 0°. A total of eight spots (35X) on each speciman were analyzed, as illustrated in Figure
4. The concentrations of S, O, Cr, CI, Ca, Ni, Fe, Na, and K was determined.

The

highest and lowest sulfur content spots are presented in the results section. A small piece
(2 cm x 0.3 cm) was cut from the specimen using a LECO VC-50 Precision Diamond
Saw. Oil was used as a lubricant. The small piece was mounted using a LECO PR-32
Mounting Press (Pressure: 4 psi, 20 minutes heating and 40 minutes cooling, lucite
powder was used). The mounted specimen was ground and polished using a LECO AP60 8-inch Grinder/polishing attachment.

The specimen was ground through three

different SiC grit sizes: 400 PSA (600 seconds, 300 rpm and 70 lbs), 600 PSA (300
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seconds, 300 rpm and 70 lbs), and 800 PSA (300 seconds, 300 rpm and 70 lbs). The
specimen was polished with 1 -micron diamond compound/red wool felt cloth/oil microid
diamond compound extender (120 seconds, 300 rpm and 65 lbs). The mounted specimen
(cross section) was examined using SEM/EDX. The results obtained by EDX analysis
were corrected by computer for corrections such as adsorption, fluorescence, and atomic
weight.

F i g u r e 3.
The arrangement
line of the combustor.

of eight coupons in the sample array in reference to the center

o
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Figure 4. Location of eight spots on a specimen for EDX analysis.

III. RESULTS AND DISCUSSION

Most the alloy samples exhibited signs of corrosion attack at a high temperature.
The CI020 specimen was cracked after 250-hours of operation in both test runs. The
other three alloys, 304SS, 309SS, and 347SS present the different morphology due to the
oxidation or/and corrosion in the tests. An external oxide scale developed on all three
alloys. The scale consisted of an inner iron oxide layer, a middle Cr 2 0 3 layer and an
outer iron oxide layer mixed with CaS0 4 .

Meanwhile, internal oxidation, especially

along grain boundaries, was observed as well.

A.

The Corrosion Study with Combustion of Low Chlorine Coal
The type 347 specimen showed the highest weight gain among the other three

samples. However, alloy 304 showed the most oxide scale (-20 (j,m) on the surface,
followed by alloy 347 (-12 urn), with alloy 309 (-10 |_im) showing the least oxide scale
on the surface. Figure 5 shows the weight changes in terms of the time of exposure to
AFBC combustion gases. The weight gain is observed for all three alloys. There are two
kinds of reaction occurring during experiments, oxidation and oxide scale spallation. The
weight gain was due to the oxidation and ash deposition, and the weight loss was due to
the oxide spallation. The two reactions compete with each other. The spallation might
be due to the cooling effect (cooling of the samples from the reaction temperature),80 or
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Figure 5. The effect of time of exposure to AFBC combustion gases from the low chlorine coal on the weight of metal coupons.
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sulfur attack and the effect of erosion. "

Based on the x-ray diffraction study, the outer

scale was primarily hematite (Fe 2 0 3 , red-brown oxide) as shown in Figure 6.

A-l.

Elemental Profiles on the Alloy Surface
In order to clarify the mechanism of corrosion in an AFBC system, the

distribution of the major elements, such as oxygen, chlorine, sulfur, sodium, potassium,
chromium, nickel and iron on the surface of the alloys were examined by SEM/EDX.
The weight percent of each elements mentioned above was measured in terms of time of
exposure to AFBC combustion gases.

A-l.l. Alloy 304
Figure 7 shows oxygen distribution in alloy 304 with increasing time of exposure.
The oxygen content on the surface increased with burning time but leveled off after 500
hrs. The results for iron were opposite to the results of oxygen as is shown in Figure 8.
These results may indicate the formation of oxide scale first and then spallation of the
oxide scale. Both sulfur and calcium concentration in alloy 304 increased with exposure
time as well, as is illustrated in Figures 9 and 10, and also showed the same increasing
83

trend which indicated the presence of deposits on the surface of alloy.
As expected, no chloride could be identified on the surfaces of alloy as is
illustrated in Figure 11. However, the alkali metals, Na and K, were detected on the
alloy surface, as shown in Figures 12 and 13. It is well-known that chlorine can promote
the release of alkali in coal as alkali chlorides and could condense on the alloy surface.

R S P 796 . S D
Figure 6.

ATRSP797 • 3D

ATRBP798 . SD

XRD data for alloy 304 before and after two test runs for coals 95011 and

95031.
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Then the alkali chloride deposit on the metal surface can be converted to sulfate in the
84

presence of S0 2 through the following reaction:
2NaCl + S0 2 + l/20 2 + H 2 0 = Na 2 S0 4 + 2HC1
Almost all researchers consider that elements Cr and Ni in alloys may play an
important role in resisting corrosion in combustion process. Figures 14 and 15 show the
distribution of Cr and Ni on the alloy surface with testing time. Both chromium and
nickel concentrations decreased with the time of exposure to AFBC combustion gases
and reached very low levels after 1000 hrs, which indicated that both Cr and Ni were
consumed in the outer layer very fast.

A-1.2. Alloy 347
Figures 16-20 show the distribution of oxygen, iron, sulfur, calcium, and
potassium on the surfaces of alloy 347 with the time of exposure to AFBC combustion
gases. No chloride was detected on the surface of the alloy and all the other elements
showed the same trend as that of alloy 304 discussed above. Again, both Cr and nickel
were almost completely consumed at the end of the test on the surface of the alloy as
illustrated in Figures 21 and 22, although it is found that the degree of spallation of alloy
347 was less than that of alloy 304 based on the SEM results. The actual degree of oxide
spallation was in the following order: 304>347>309 (the least).

A-1.3. Alloy 309
Very similar results of the distribution of oxygen, iron, sulfur, calcium, sodium,
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and potassium on the surfaces of the alloys were observed as alloys 304 and 347, as
shown in Figures 23-28. It should be mentioned again that no chloride was found on the
alloy surfaces. Figures 29 and 30 present the distribution of Cr and Ni on the surfaces of
the alloys with testing time. Both Cr and Ni concentrations decreased with burning time
again, and Ni was almost consumed. However, the Cr concentration stayed at a very high
level for alloy 309 when compared with that of alloys 304 and 347, although the Cr
content showed a slight decrease as well. The main reason may be that alloy 309
possesses the greatest corrosion resistance among the three alloys.
Based on the results discussed above, it is clear that Ni contained in alloys seems
to be no help in preventing corrosion, it was consumed in the outer layer during
combustion. On the other hand, the existence of a high concentration of Cr in alloys may
help depress the corrosion under our experimental conditions.

A-2.

Elemental Profile in Cross-Section of Alloys
Again, in order to understand the mechanism of corrosion in an AFBC system, it

is necessary to investigate how the chemistry changed along the cross section of alloys.
When four alloys were placed inside the AFBC system, the fly ash and flue gas passed
through them. Therefore, two kinds of conditions occured for the alloys, facing the gas
flow direction and opposite to the gas flow direction. Both sides of the cross section were
examined by SEM/EDX in detail.

A-2.1. Allov 304
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There are three layers present in the scale as shown in Figure 31. Figures 32-33
show the Cr and Ni distribution profile along the cross section of alloy 304. Both the face
and opposite side showed the same trend. The outer scale was primarily hematite with
the fly ash deposit with low Cr and Ni content; the middle layer was enriched in
chromium oxide and a high sulfur content was observed. Therefore, Cr-Ni-Fe sulfides
should be present in the layer; the inner layer was mainly iron oxide due to the
penetration of oxygen into the specimen. The immigration of chromium and nickel from
the outer layer to the middle layer allowed the formation of a high chromium
concentration zone which resisted oxidation/corrosion.

However, this movement will

lead to the formation of a porous scale in the outer layer and easy spallation. Based on
the SEM/EDX results, no chloride was present in any layer and metal matrix of alloy 304.

A-2.2. Alloy 347
There are three layers present in alloy 347 as shown in Figure 34. The sulfur
occurring in the middle layer is associated with chromium, which indicated the
penetration of sulfur to form chromium sulfide. The chromium distribution profile of
alloy 347 shows a somewhat similar trend as that of alloy 304 as illustrated in Figure 35.
On the opposite side, however, chromium concentration in the outer layer stayed at a
relative high value and helped resistance to oxidation/corrosion — possibly the reason
why the performance of alloy 347 is better that that of alloy 304 in the testing. The
nickel concentration in the middle layer is quite high and forms nickel oxide to
depress further oxidation/corrosion as shown in Figure 36. Again, no chloride was
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(a)

(b)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a) electron image, (b) S x-ray map
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(C)

(d)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a) electron image, (b) S x-ray map

(f)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (c) Ca x-ray map, (d)Fex-ray map
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(g)
Figure 31. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (g) Ni x-ray map
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Figure 74. Chromium distribution profile along the cross-section ofthemetal coupon 309.
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(b)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a) electron image, (b) S x-ray map
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(d)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a) electron image, (b) S x-ray map
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(f)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a)electronimage,(b) S x-ray map
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detected during the experiments with the 347 specimen.

A-2.3. Alloy 309
Alloy 309 had the best performance in the combustion runs among the three
alloys tested. The morphology of the cross section of alloy 309 is presented in Figure 37.
As shown in Figure 38, the outer layer possessed a very high chromium concentration
that helped resist oxidation/corrosion.

The chromium oxide rich scale is stable and

protective as indicted by its low growth rate. The reason may be that Cr 2 0 3 forms a
85

complete solid solution.

On the other hand, nickel concentration is very low in the

chromium rich layer (Figure 39) and seems to be no help in protecting against the
oxidation/corrosion during the test. The SEM/'EDX results showed that no chlorine
diffused into alloy 309 and no evidence to indicate that the specimen suffered chlorine
attack under our experiments.

B.

The Corrosion Study with Combustion of High Chlorine Coal
Figure 40 shows the weight change data for the alloys in the second 1000-hour

burn with the higher chlorine coal (0.28% CI). Weight gains were observed in the case of
the 309 and 347 alloys before 500 hrs were completed. In the case of the 304 alloy, the
weight almost remained constant in the first stages of the test burn.

There was no

chloride (EDX results) observed on the surface of coupons before 500 hrs, as illustrated
in Figure 41. A small amount of oxide spallation was observed on all three samples,
which is similar to the results obtained with the low chlorine coal in the first 1000-hour
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(a)

(b)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (a) electron image, (b) S x-ray map

(C)

(d)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (c) Ca x-ray map, (d) Fe x-ray map

(e)

(f)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (c) Ca x-ray map,(d)Fex-ray map

(g)
Figure 37. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with low chlorine
coal, (g) Ni x-ray map
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test. However, the weight loss was observed in all three coupons after 500 hours. The
chloride also was identified on the surface of the coupons. The higher chlorine (around
1% by weight) content was observed after the first few blow off cycles. The chlorine
content on the surface of coupon was reduced to 0.1% after the coupon weight was not
changed, an indication that most of the chloride exists in the ash. The elemental analysis
for the fly ash, bed ash and ash deposit on the coupons is shown in Table 7. The major
compounds in the ash deposit on the coupons are CaO and CaS0 4 which were identified
by XRD. The ash deposits on the gas heat exchange tubes (average temperatures is
around 770 K) which are just few inches above the uncooled coupons were collected at
different locations (such as the bottom, middle, top, right, and left tubes). The sulfur and
chloride distribution on the heat exchange tubes is shown in Figure 42. Most chloride
was deposited on the outside of the tubes (bottom, left and right). The same results were
not observed in the case of sulfur. Sulfur was evenly distributed on the tubes,

an

indication that the outside tubes will be more easily attacked (if any) by chlorine than that
of inner and top tubes.

B-l.

Elemental Profiles on the Alloy Surface
Based on the mapping results, the chloride is evenly distributed on the surface of

the coupons.

The existence of chloride is associated with calcium and alkali which

indicated that fly ash was deposited on the surface of alloys during the combustion runs.
The change of element distributions on the surfaces of the alloys in the second 1000-hr
test with high chlorine coal showed some differences from that with low chlorine coal.
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Table 7. Analytical Values for Ashes from the Combustion Study at 1144 K.
Coal: low chlorine coal
Metal Oxides

Bed Ash

Ash Deposit

Fly Ash

Si0 2

1.46

3.41

11.58

CaO

58.76

35.37

23.06

Ti0 2

0.11

0.24

0.27

Fe 2 0 3

1.52

5.91

3.68

MgO

3.60

2.81

2.16

A1203

2.82

5.05

5.28

Mn0 2

0.04

0.10

0.08

Metal Oxides

Bed Ash

Ash Deposit

Fly Ash

Si0 2

1.78

2.79

11.87

CaO

55.21

358.20

22.65

Ti0 2

0.14

0.19

0.27

Fe 2 0 3

1.71

4.05

2.92

MgO

3.69

3.72

1.54

A1203

3.27

4.99

7.03

Mn0 2

0.08

0.03

0.07

Coal: high chlorine coal

left

right

middle

top

bottom

Location
Figure 42. The chloride and sulfur concentrations at different locations on the heat exchange tubes in the AFBC combustor.
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B-l.l. Alloy 304
Figures 43-50 show the distribution of oxygen, sulfur, calcium, iron chromium,
nickel, sodium and potassium on the surface of alloy 347 as a function of time of
exposure to AFBC combustion gases. All the elements except sulfur and calcium showed
a trend similar to that in first 1000-hr test.

Both sulfur and calcium concentrations

increased in the first 500 hours and then decreased afterwards in the second 500 hours
with the high chlorine coal. These results indicate that the deposits form on the surfaces
of alloys first and then fall off because of the high erosion rate mentioned above during
the second combustion test.

Based on the SEM results, almost no ash deposit was

observed on the surface of alloy 304.

B-1.2. Alloy 347
The analysis of elemental distribution on the surface of alloy 347 during
combustion of the high chlorine coal is similar to the results from the first test with
combustion of the low chlorine coal as illustrated in Figures 51-58. However, like alloy
304, calcium, potassium and sodium concentrations on the surfaces of alloys first
increased to a high point around 500 hours and went down again. Meanwhile, the sulfur
concentration showed the same trend as shown in Figure 52.

B-1.3. Alloy 309
The elemental analysis results are shown in Figures 59-66. They show a trend
similar to the results from the first test with the low chlorine coal. However, unlike
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alloys 304 and 347 in the second combustion run, some kinds of deposit were still present
on the surface of alloy 309. The amount of calcium, potassium and sodium increased
with increasing exposure time, and all are associated with sulfur which also showed an
increasing trend. The SEM results showed that ash deposits can be clearly observed on
the surface of alloy 309. Therefore, the presence of deposits helped prevent the growth of
the metal scale and spallation of metal scale during the test, which gave the best
performance for alloy 309 among the three alloys tested.

B-2.

Elemental Profiles in Cross-Sections of Alloys

B-2.1. Allov 304
The morphology of cross section of alloy 304 is presented in Figure 67. No large
difference was found between the first and second combustion tests. Figure 68 shows
the chromium profile along the cross section. Both the face side and opposite side have
similar distribution profiles. When comparing the results from the first test with low
chlorine coal, it can be found that, in both cases, the migration of Cr occurs from the
outer layer to the middle layer to form a high chromium
oxidation/corrosion.

zone to

resist

However, on the other hand, the nickel profile showed some

differences between the first and second test as illustrated in Figure 69. The migration of
Ni happened only from the outer layer to the middle layer in the first run with low
chlorine coal, but the migration of Ni occurred not only from the outer layer to the middle
layer but also

from the inner layer to the middle layer to form a high nickel

concentration layer. There is concern that this movement will lead to a quick
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(a)

(b)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map
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(d)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map
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(e)

(f)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map
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(g)
Figure 67. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (g) Ni x-ray map
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consumption of Ni during the combustion test and reduce the effect of Ni in the resistance
of oxidation/crossion.

B-2.2. Alloy 347
Figure 70 shows the morphology of cross section of alloy 347. It is quite similar
to that from the first combustion run. The chromium and nickel profile along the crosssection are presented in Figures 71 and 72. Both chromium and nickel concentrated in
the middle layer to form chromium oxide and nickel oxide which

resisted

oxidation/corrosion. However, the face side and opposite side showed different trends.
More chromium and nickel were consumed on the face side than on the opposite as
shown in Figures 71 and 72. This outcome may be due to the face side suffering erosion
during the combustion test as well as a greater chance to react with oxidizing gases.

B-2.3. Alloy 309
Figure 73 shows the morphology of cross-section of alloy 309. The chromium
and nickel profile along the cross-section are presented in Figures 74 and 75. As is the
case for the first run, the concentration of chromium in the outer layer is still higher than
that of alloy 304 and 347. The high chromium concentration in the outer layer forms the
stable Cr 2 0 3 layer and prevents the other oxidation gases, such as HC1 and S0 2 , from
further penetration into the alloy matrix. This is again the main reason why alloy 309 has
the best performance during the combustion runs. Figure 75 shows that nickel was
consumed very fast in outer layer and again indicated that nickel has no help in

depression of oxidation/crossion.
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(b)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map
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(d)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map
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(f)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a)electronimage,(b) S x-ray map
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(g)
Figure 70. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (g) Ni x-ray map
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(b)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a) electron image, (b) S x-ray map

(C)

(d)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (c) Ca x-ray map, (d) Fe x-ray map
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(f)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (a)electronimage,(b) S x-ray map
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(g)
Figure 73. Scale formed on alloy 304 after 1000 hours exposure at 1144 K with high
chlorine coal, (g) Ni x-ray map
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IV.

CONCLUSIONS

1. High chromium (~ 23%) 309 alloy steels forming Cr 2 0 3 on the surface
possessed the greatest corrosion resistance of the four materials tested.
2. The presence of ash deposits in the surface of alloys may help to prevent oxide
scale from erosion. The formation of deposit layer in the surface of alloy 309 may be a
reason the alloy 309 has the best performance among three alloys tested.
3. Scale spallation was observed in both 1000-hour test burns with low and high
chlorine coals. The second test burn with the high chlorine coal showed more scale
spallation than that obtained with the first run with the low chlorine coal. This may be
caused by erosion.
4. There is no evidence to support chlorine may cause corrosion problems under
our experimental conditions.
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